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ABSTRACT
Development of Ni-based Oxide Dispersion Strengthened (ODS) powder for Metal
Additive Manufacturing (AM) Applications
Markova Dion McPherson
The capabilities of Additive Manufacturing (AM) techniques have grown rapidly in
recent years, however, current available metal powders for AM processes, such as
Powder Bed Fusion and Directed Energy Deposition, are limited and primarily fabricated
through gas atomization process which; the gas atomization process is capable of
producing metal powders 15 µm to 150 µm in size with near spherical shape. Despite the
advantages of atomization process, iron or nickel-based Oxide Dispersion Strengthened
(ODS) powders, with nanocrystalline microstructure, cannot be produced with the gas
atomization process because of the high melting temperature of yttrium (III) oxide (Y2O3,
2425 °C) compared to iron (Fe, 1538 °C), nickel (Ni, 1668 °C), chromium (Cr, 1907 °C)
and aluminum (Al, 660 °C), thus, uniform dispersion of Y2O3 is problematic for ODS
powders. In this work, a combination of Mechano-Chemical Bonding (MCB) process and
Mechanical Alloying (MA) by planetary ball milling (BM) will be implemented to produce
ODS powders suitable for AM applications. The MCB process fractures and uniformly
disperse the Y2O3 nanoparticles and the nanoparticles are bonded on the surface of the
master particles (Ni and Cr). Also, the MA process, because of the constant fracturing
and cold-welding of the elemental particles, produces alloyed ODS powders with suitable
uniform size distribution, near spherical shape, and nanocrystalline microstructure.
The objectives of this research are to (1) optimize the MCB+BM processing
parameters and (2) study effects of the process parameters on the size, morphology, and
microstructure of Ni-based ODS powders for metal AM applications using Laser
Engineering Net Shaping (LENS) machine.
Results showed that Ni-based ODS particles with nearly spherical in morphology,
average particle size of 15 μm, uniform dispersion of Y2O3, and nanocrystalline
microstructure can be successfully produced via the proposed MCB + BM methodology.
These resultant Ni-based ODS particles were successfully used on a LENS AM machine
to produce coupon specimen. The coupon specimen microstructure contains γ-NiAl
matrix and submicron γ’-Ni3Al strengthening phase.
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1. INTRODUCTION
Combined with the capability of producing parts of complex geometries with
efficient use of raw materials and minor waste, in recent years, metal additive
manufacturing (AM) techniques have been under rapid development. This research will
be focused on the development of special metal powders suitable for metal AM-assisted
fabrication. Ni-based ODS alloys are favorable for gas turbine applications due to the
combined capabilities of excellent mechanical strength at intermediate temperatures
(700-900° C) due to gamma-prime (γ’) precipitation strengthening and oxide dispersion
strengthening for creep resistance up to 1200° C. Given the prospect of the rapid
production of ODS alloys suitable for high temperature applications, the need to develop
special ODS powder alloys is promising for the design, fabrication, and production of
critical gas turbine components using metal AM technologies.

1.1 Metal Powder Additive Manufacturing
AM was first developed in the 1980’s for creating models and prototypes layer by
layer using computer-aided design (CAD). Thus, parts are built by bonding layers of
material through high energy source, a binder or chemical instead of utilizing subtractive
methods to remove materials from a larger piece[1]. AM techniques not only allow for
rapid production of parts, unlike other methods, but also allow for complex geometries of
parts. Powder Bed Fusion (PBF) and Directed Energy Deposition (DED) processes are
common techniques for metal AM; PBF uses a high energy electron beam to melt and
fuse material powder together, while DED utilizes a nozzle that deposits melted material
on a build platform and the part rapidly solidifies [1,2]. The size, shape, and
microstructure of the metal feedstock for PBF and DED processes influence key
parameters of the end part, such as surface roughness and density of manufactured parts
[3–5]. As a result, metal powders of particle size 10 µm to 150 µm and spherical in shape
exhibit end parts with desirable mechanical properties, low porosity, and smooth surface
finish. Typically, powders must be controlled in order to ensure repeatability for the
production of end products; thus, many studies have been done to determine the
optimized morphology and microstructure of powdered particles used for AM techniques.
For PBF, a near one-hundred percent relative density and smooth surface finish is
ideal for the final product. As a result, particle size influences the minimum layer thickness
and the minimal size of the part to be built[6], thus the desired layer thickness limits the
maximum particle size for the powder. Also, if powders are too small, agglomeration of
the fine powders will impede the efficiency of the high energy electron beam during the
PBF process. With the agglomeration of fine powders on larger powders, the powders
now have an irregular shape, unlike a spherical shape with optimized surface area;
therefore, the produced part will have porosity. Although fine powders as used to produce
end parts with low density and low surface roughness, the minimum particle size must be
constrained to prevent agglomeration.
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On the other hand, parts produced using DED processes not only depend on the
particle size and size distribution, but the high energy beam used to melt the powders.
However, Kakinuma et al. shows fine powders with a narrow particle size distribution can
lead to a uniform microstructure and high tensile strength[7]. The authors conducted a
study on nickel-based superalloy Inconel 625, commonly used in aerospace applications,
which require components with complex geometries. Inconel powder of average particle
size 160 µm (powder 1) and 100 µm (powder 2), with size distribution of 60-250 µm and
45-120 µm, respectively, was used for the DED process; Figure 1-1, below, shows the
size, shape, and size distribution of the two powders used in the study. Conventional
tensile tests were done on the DED AM produced parts and average tensile strengths in
powders 1 and powders 2 were shown to be 738 MPa and 778 MPa, respectively. The
authors concluded, with analysis of the microstructure of the AM produced part, powder
2 showed a uniform microstructure due to the smaller average particle size and narrow
size distribution when compared to powder 1[8].

Figure 1-1.Inconel 625 (a) average particle size of 160 µm and size distribution of 60250 µm and (b) average particle size of 100 µm and size distribution of 45-120 µm[8].
Thus, for both PBF and DED processes, particle size, shape, and particle size
distribution influence key factors of the end part. As of now, atomization processes are
the leading metal powder fabrication techniques used to produce metal powders for AM
processes.
1.1.1 Atomization
Atomization processes are capable of producing high quality metal powders, such
as aluminum, brass, iron, stainless steel, and superalloys with uniform particle distribution
and spherical shape. Gas atomization uses inert gas jets to atomize molten metal
powders into fine droplets, which cool down as the droplets drop in the chamber and form
spherical powders with uniform size distribution. On the other hand, plasma atomization
uses DC arc plasmas to accelerate the inert gas breaking up the molten stream. A simple
schematic of gas atomization and plasma atomization is shown in Figure 1-2 on the left
2

and right, respectively. Both these process produce high quality metal powders with littleto-no contamination, uniform size distribution, and spherical shape [9–12], properties
desirable for AM processes. The shape and size of Inconel 625, shown in Figure 1-2, and
Ti-6Al-4V, shown in Figure 1-3, are alloyed powders produced by atomization. The Ti6Al-4V powders, produced by both gas and plasma atomization, has near spherical
shape, 70 µm average particle size, and particle size distribution from 50 µm to 100 µm
[13]. However, given the cost and processing time of plasma atomization, gas atomization
is the common technique for fabrication of metal alloy powders for AM production.

Figure 1-2. Images illustrate the gas and plasma Atomization process,
respectively[14,15]

Figure 1-3. SEM micrographs of Ti-6Al-4V powders produced by (a) gas atomization
and (b) plasma atomization[13]
3

1.2 Disadvantages of Gas Atomization
Despite the capability of gas atomization process to produce powders with
spherical shape, fine powder size, and narrow size distribution, iron or nickel-based Oxide
Dispersion Strengthened (ODS) powders become problematic to produce because of the
high melting temperature of yttrium (III) oxide (Y2O3, 2425 °C) compared to iron (Fe, 1538
°C), nickel (Ni, 1668 °C), chromium (Cr, 1907 °C) and aluminum (Al, 660 °C), thus,
uniform dispersion of Y2O3 become problematic for production of ODS powders.
However, post processing of the gas atomized powders or alterations to the conventional
gas atomization process must be done in order to produce ODS alloyed powders.
Conventionally, gas atomized powders are mechanically alloyed post process with Y 2O3
in order to obtain uniform oxide dispersion and nanocrystalline microstructure. Rieken et
al., also proposed a reactive gas atomization process for Fe-based ODS alloys which
uses a reactive atomization gas to oxidize the surface of the ferritic alloys during the gas
atomization process[12]. However, further processing, similar to utilizing mechanical
alloying post gas atomization, was done to enable O exchange with Y precipitates to
obtain uniform oxide dispersion. Figure 1-4 demonstrates the presence of the oxide
dispersoid during all stages for the aforementioned reactive gas atomization process. It
is evident from the XRD plot the as-atomized powder and the hot isostatic pressed (HIP)
powder does not show oxide dispersoid formation until after heat treatment at 1200° C.
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Figure 1-4. XRD data revealing dispersoid formation after heat treatment of powders
under different chemical compositions[12]
Although this study shows evidence of the formation of oxide dispersoid in the gas
atomized powders, proof of uniform distribution of the oxide is not clear. Moreover,
formation of the dispersoids did not appear until further heat treatment of the atomized
powders, which in turn will cause coarsening of the grain size. Mechanical alloying,
however, excels in the production of ODS alloys with uniform oxide dispersion and
nanocrystalline microstructure without further processing.

1.3 ODS Production
Nickel-based ODS alloys produced by MA process attract great attention as
advanced high temperature materials [16–19]. ODS alloys retain useful strength up to
high temperatures (>1000 °C) due to strengthening of uniform dispersion of Y 2O3
nanoparticles and intermediate temperatures ( 700-900 °C) due to gamma prime, γ’,
precipitation hardening [20]. Mechanical alloying is a solid-state powder processing
method that utilizes high energy ball milling or rod milling of elemental powder mixtures
to produce homogenous alloyed particles with nanocrystalline microstructure[16],[18,19].
5

The starting elemental powders undergo cold-welding, fracturing, and rewelding
continuously until the final composition of individual particles are of the same chemical
composition (steady state conditions).
Typically, after the MA process, the alloyed powders are canned, degassed and
consolidated by cold isostatic pressing (CIP), hot isostatic pressing (HIP) or hot extrusion
followed by a final annealing and aging process to develop stable and recrystallized
microstructure[21].

1.4 MCB + BM
Using a combination of the MCB technique and planetary BM, ODS Ni-based
powders can be produced with nanocrystalline microstructure, uniform oxide dispersion,
and γ’ precipitation. During the MCB process the starting powder mixtures are subjected
to high compression, shear, and impact forces as they pass through a narrow gap in a
high speed (4000-5000 rpm) rotating device. Earlier studies, utilizing MCB technique,
showed uniform dispersion of Y2O3 with a thin layer of 20-25 nm on the master particles
[22], as shown in Figure 1-5.
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Figure 1-5. TEM images of MCB processed ODS Ni-based powders (a) TEM BF image,
(b) HRTEM image, (c) STEM EDX image [22].
Figure 1-5 (a) shows the master particles (Ni, Cr) in darker contrast, surrounded
by a thin film with lighter contrast; HRTEM analysis, shown in Figure 6(b), indicates the
thin film to be an amorphous material and further analysis in STEM mode confirmed the
presence of the constituent powders. As a result, the study determined the amorphous
thin film dispersed and coated on the master particles are indeed the oxide dispersoid,
Y2O3 [22]. Further processing of the MCB powders were done using planetary BM for
different milling times, a ball-to-powder ration (BPR) of 30:1 and a speed of 300 rpm. The
milling jars and milling media were of stainless steel and a range of sizes for the milling
media was used to allow for efficient fracturing and cold welding of the MCB processed
ODS powders. SEM EDX of the MCB plus BM processed powdered ODS showed the
uniform distribution of the starting powders, or, in other words, the ODS particles had
similar weight percentage to that of the starting chemical composition. Moreover, XRD
analysis show a shift of the Al and Ni crystalline peaks for lower milling times and the
disappearance of Al peaks and formation of NiAl with increased milling time. Furthermore,
the XRD peaks broadened with increased milling time, which indicate a decrease in
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crystallite size of the ODS particles and potentially demonstrates the ability to produce
ODS powder with nanocrystalline microstructure.
As shown, the combination of MCB and BM not only allow for uniform dispersion
of Y2O3 unto the master particles, but also uniformly disperses Al and influences the
formation of the NiAl matrix. This combination show potential of limiting the processing
time of the ODS Ni-based powders when produced with BM only, while also producing
particles with near spherical shape and narrow size distribution, given steady state milling
operation is reached. However, adjustment of the process parameter of this combination
can be done to improve the shape, size, size distribution and microstructure of the ODS
powders.

1.5 Motivation
Given the capability of current AM techniques, such as PBF and DED, and the
ability to fabricate Ni-based ODS powders with nanocrystalline microstructure, uniform
oxide dispersion, and gamma prime precipitation with MCB plus BM, further parameter
changes of the BM process allows increased opportunities for components under high
temperature conditions. The capability of the AM process to not only create parts with
complex geometries, but also, due to the rapid solidification/sintering of the metal alloy
powders, can maintain the microstructure of the as-processed ODS powders.

1.6 Objective
The primary purpose of this study if to optimize the fabrication of Ni-based ODS
powders suitable for AM application. Production of Ni-based ODS alloy particles spherical
in shape, uniform size distribution, and average particle size larger than 10 µm to be used
for AM processes, primarily higher energy melting. The γ’ Ni3Al intermetallic precipitate is
the major strengthening phase of the Ni-based superalloy system. Unfortunately, at high
working temperatures, the γ’ phase will dissolve and the superalloy loses the high
temperature strength and creep resistance. The addition of Y2O3 improves the
mechanical properties at high temperatures because the nanoparticle is considered a
secondary particle in superalloys. Thus, Y2O3 is capable of pinning the dislocation and
grain boundaries of the ODS microstructure.
Figure 1-6 shows the types of strengthening mechanisms and effective working
temperatures of superalloy systems. Ni-based ODS alloys are considered in the
dispersion strengthening category; the melting point of Ni alloys range between 14001500⁰C, thus, the effective working temperature of Ni-based ODS alloys can fall in the
range of 1250-1350⁰C. As a result, the effective working temperature of this alloy system
is in the range of the exhaust temperature for turbines. Although gas atomization is the
most used technique for superalloy fabrication, the process is incapable of producing
ODS alloys. The highest know melting temperature during the gas atomization process is
1700⁰C and melting temperature of oxides in known ODS alloys can be larger than
2000⁰C.
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Figure 1-6. Types of strengthening mechanisms and corresponding effective working
temperatures [23].
Since the early 1970’s the MA process has been the most widely used fabrication
technique of ODS alloys. The MA process is capable of mixing, cold-welding, fracturing,
and rewelding raw elemental powders in a high energy mill. The oxide nanoparticles are
uniformly dispersed onto the master particles during this process. Until recently, the
finished ODS powders are subjected to Hot Isostatic Pressing (HIP) to consolidate the
powders and heat treatment is used to rid of residual stresses. The HIPed powders are
then hot worked for further consolidation and undergoes more heat treatment. Thus, the
conventional various post processes taken to fabricate ODS alloys can be expensive and
time consuming.
As a result, a novel MCB+BM process will the utilized to produce Ni-based ODS
powders and parameter manipulation of the BM process will be explored. The MCB
technique is a dry powder process that can form alloys through solid state diffusion. Kang
et al. has shown the MCB process can uniformly disperse Y2O3 nanoparticles onto the
host Ni, Cr particles to form composite powders [22]. It has also been shown the BM
technique is capable of producing powders with nanocrystalline microstructure and
evidence of the intermetallic γ’ precipitates [24]. As a result, the combination of the
MCB+BM process is an improvement and alternative to the conventional ODS alloy
fabrication currently available. Given the MCB+BM processed powders contain a
nanocrystalline microstructure, investigation of the individual powders is also of
importance.
Additive Manufacturing will also be used to produce bulk and densified samples of
the Ni-based ODS powders. Preliminary investigation of the mechanical property of
individual powders can lead to a customization of the AM process for development. The
AM technique is capable of achieving bulk samples in a simpler manner compared to the
conventional powder consolidation technique used for ODS alloys. However, there are
some limitations and challenges to this work. The primary challenge of this research is
parameter selection of the BM process to produce ODS powders suitable for AM
techniques. The powder morphology, average size, size distribution, and microstructure
plays a crucial role in the operating parameters and feasibility of AM use. As a result, this
9

research will focus on the production of Ni-based ODS powders given the manipulation
an adjustment of the BM process parameters.
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2. LITERATURE REVIEW
2.1 Superalloys and Oxide Dispersion Strengthened (ODS)
Superalloys
Superalloys, commonly used in high temperature turbine applications, refer to iron,
nickel, and cobalt based alloys. Superalloys are useful because of good high temperature
strength, high ductility at high temperatures, excellent creep strength, and good
oxidation/corrosion resistance. Table 2-1 shows the composition of conventional
superalloys, including the popular Iron-Nickel based superalloy Inconel 718 (IN718) [25].
Table 2-1. Components of common Superalloys (wt. %)[26]
Alloy
IN 100
Rene 88
IN 718
Waspaloy
Rene 80

Ni
Bal
Bal
50
58
Bal

Fe
30
-

Cr
12.4
16
18
19
14

Ti
4.3
3.7
0.8
3
5

Al
5
2.1
0.6
1.4
3

Mo
3.2
4
3
4.4
4

C
0..07
0.03
0.05
0.08
0.17

Other
18.5Co
13Co4W0.7Nb
5.2Nb
13Co
9.5Co4W

Unfortunately, current superalloys cannot meet the requirements for industrial
applications. With an increase in time, the strength of the superalloy is weakened when
the working temperature is 50% of the melting point of said alloy. As a result, addition of
oxide dispersoids within the superalloy alloys for enhanced mechanical strength at high
temperatures. ODS alloys are the common type of dispersion strengthened superalloys
which a new element, harder than the base metal of the alloy, is introduced as a
secondary phase particle. Notable strengthening particles are refractory Oxides (i.e.,
Y2O3, Al2O3, HfO2, and ThO2), Carbides (i.e., TiC, SiC, and WC), Nitrides (i.e., TiN, BN,
and Si3N4), and Borides (i.e., TiB2, ZrB2, and CrB2). The addition of dispersoid
strengthening results in the dispersion strengthening γ’ phase, distinguishing ODS alloys
from conventional superalloys.
Given the advantage of ODS alloys, the material characteristic of the oxide
dispersoid is critical. Dispersoids with high melting temperatures, chemical stability,
insolubility in the solid solution, and low diffusion rate are necessary for ODS alloys. In
early 1970’s, thorium dioxide (ThO2) was the common oxide dispersoid used for ODS
alloys until replaced by yttrium (III) oxide (Y2O3) due to its radioactivity. Y2O3 also can form
more stable metal composite oxides due to excess oxygen and Al in the ODS alloy matrix.
Srinivasan et al. provide significant evidence dispersion of Y2O3 consist of several mixed
oxides, i.e., Y3Al5O2 (YAG), YAlO3 (YAP), YAH, etc. [27]. Table 2-2 demonstrates the
commonly used ODS alloys and the corresponding composition given the compound
Y2O3 as the oxide dispersoid to inhibit dispersoid strengthening. ODS Ni-based superalloy
and ODS Fe-based superalloy are the most studied.
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Table 2-2. Components of common ODS alloys (wt. %) [28]
Alloy
MA 754
MA 757
MA 758
PM 1000
MA 6000
MA 956
PM 2000

Ni
Bal
Bal
Bal
Bal
Bal
-

Fe
1.0
Bal
Bal

Cr
20
16
20
20
15
20
20

Ti
0.5
0.5
2.5
1
0.5

Al
0.3
4.5
0.3
0.3
4.5
4.5
5.5

C
0.05
0.05
0.02
<0.04

Y2O3
0.6
1
0.6
0.6
1.1
0.5
0.5

Other

0.5Mo
2Mo4W2Ta

2.1.1 ODS Ni-based Superalloys
The first ODS Ni-based alloy was produced in the mid-1900’s by the DuPont
company by a co-precipitation method to generate conventional Td-Ni ODS alloys.
Eventually, in the early 1970’s, John Benjamin and his team developed the mechanical
alloying (MA) technique in order to produce ODS alloys. The selection of the oxide
dispersoid is crucial for the production of Ni-based superalloys. The chemical stability,
dissolution in superalloy matrix, diffusion coefficient, and interphase energy are key
characteristics that determine the choice of oxide particle. The strength of most alloys
decreases with increasing temperature, with the exception of few intermetallic
compounds. γ’-Ni3 (Al, Ti) is considered primary strengthener of Ni-based superalloys.
The precipitates, however are metastable and will coarsen when heated past
temperatures of 900°C. Introducing stable nanoparticles such as Y2O3, ThO2, and ZrO2
can disperse homogeneously through the ODS alloy matrix, increasing the strength of the
material at higher temperatures [26].
ODS Ni-based superalloys can be classified as alloys with low Al and Ti content or
alloys with high Al and Ti contents. ODS Ni-based superalloys with low Al and Ti content
does not include the strengthening γ’ phase. As a result, high temperature strengthening
depends on the solid solution strengthening of Cr: The combination of Cr and Al improves
oxidation resistance in the alloys and average medium temperature strength. On the other
hand, Ni-based ODS alloys with higher Al and Ti concentration shows more γ’
strengthening in the Ni matrix. The latter also can consist of Mo, W or Ta which contributes
to stabilizing the strengthening phase and leading to higher strength at medium
temperatures. Extrusion, rolling, and hot compression are used to obtain desirable
columnar grain structures for improved endurance strength and creep resistance. Figure
2-1 shows the γ’ phase of conventional ODS Ni-based superalloys. The strengthening
phase is seen as spheroidal and cuboidal with some degree of coherence [25].
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Figure 2-1. SEM images of γ' strengthening phase in conventional Ni-based
superalloys: (a). Wrought alloy and (b). Cast alloy [25]

2.2 Fabrication Techniques of ODS alloy Powders
2.2.1 Mechanical Alloying (MA)
The MA process uses a high energy ball milling machine to combine two or more
powders to form fine-grained homogeneous alloyed powders. The process involves the
repeated cold welding, fracturing, and rewelding of powders; the MA process can be
broken down into ductile-ductile, brittle-brittle, and ductile-brittle interactions. Ni-based
ODS alloys will be classified as a ductile-brittle interaction which the oxide dispersoid
(Y2O3) are brittle powders and the master powders (Ni, Cr) are ductile. The process can
be simplified into three stages, demonstrated in Figure 2-2 below.
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Figure 2-2. Initial, Middle and Final stages of the MA process technique. [18,29]
Figure 2-2 (a) shows MA process of Metal A, Metal B, and an oxide dispersoid in
initial stages of the process. The ductile master particles are flattened, creating lamellar
powders, by collision and the brittle oxides are fragmented. The fragmented particles tend
to trap in the ductile particles and appear closely spaced along the interlamellar spacing.
As further milling takes place, the second stage of the alloying process is seen (Figure 22 (b)). Due to the rewelding during the MA process, the ductile powders are work
hardened and the lamellae is refined. With the lamellar refinement, the lamellae become
convoluted with the brittle oxide dispersoid constituents. Thus, the composition of the
individual particles begins to converge towards the initial composition of the starting
powders. Figure 2-2 (c) demonstrates the final stages of the MA process; there is further
refinement of the lamellae, decrease interlamellar spacing, and the insoluble oxide
dispersoids are uniformly dispersed within the lamellae [18]. The final stage, considered
steady state of the MA process, all individual powders have the same composition of the
starting blend, uniform dispersion of the given oxide dispersoid, and nanocrystalline
microstructure [18,30,31].
Most MA techniques use medium to deliver the high energy impact needed for
fracturing and cold welding. Steel balls of varying sizes or similar size is common for
fabrication of Ni-based ODS powders. The containers are the same composition of the
medium to prevent contamination and a ball-to-powder ratio (BPR) of 1:10 up to 1:40 is
used depending on the powder, medium, and previous studies. Thus, the MA process is
dominated by solid diffusion. High energy impact causes high-density crystal defects
during the process, thus allows for metal atoms diffuse and grow along the free surface
of crystals, grain boundaries and lattice until the constituents form an alloy [18]. However,
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MA techniques with use of a medium requires anywhere between 20-100 hours of
operation.
2.2.2 Mechano-Chemical Bonding (MCB)
Unlike common MA techniques, MCB process does not use medium to fracture
and cold weld the starting blend of the constituent powder. The MCB technique passes
dry powders through a narrow gap, allowing smaller particles to bond and coat the surface
of the large master powders [22]. Only using the internal mechanical energy without any
binders or medium, a solid solution may form which small particles diffuse into the host
particles. The process allows for uniform dispersion of oxide particles in ODS alloy with
little to no contamination from outside sources, i.e., medium for grinding and process
control agents (PCA).
The MCB technique is capable of producing Ni-based and Fe-based ODS alloy
powders. The major component of the MCB machine are the rotors and blades with press
heads. The rotor and blades rotate at speeds as high as 6000 rpm, promoting collision
and high energy impact of individual particles without use of medium. Earlier studies,
utilizing MCB technique, showed uniform dispersion of Y2O3 with a thin layer of 20-25 nm
on the master particles. TEM studies indicate the thin film to be an amorphous material
and further analysis in STEM mode confirmed the presence of the constituent powders.
As a result, the study determined the amorphous thin film dispersed and coated on the
master particles are indeed the oxide dispersoid, Y2O3[22]. MCB process allows for short
operation time, uniform dispersion of Y2O3, and alloy γ-NiAl matrix.

2.3 Atomization
Atomization process is the conventional technique used to fabricate superalloys
especially used for AM processing. The process manipulates the low mechanical strength
of liquid metal to break into metal droplets. High pressure inert gas or solution is sprayed
at high speeds unto the metal droplets for solidification with high cooling rate. Atomization
process can be used to produce high quality Ni, Fe, and Al superalloys with homogenous
composition and spherical shape. The process is broken into two steps: shearing of the
liquid and freezing of the liquid droplets. The shearing of the liquid metal can be supplied
from several sources, the common sources are gas atomization (GA) and water
atomization (WA).
2.3.1 Gas Atomization (GA)
Gas atomization uses inert gas jets to atomize molten metal powders into fine
droplets, which cool down as the droplets drop in the chamber and form spherical
powders with uniform size distribution. During the GA process, the inert gas jet atomize
the molten metal, forms fine metal droplets, and cools the metal droplets as the fall in the
atomizing column thus leading to formation of pre-alloyed powders. GA is common in
metal powder metallurgy due to ease of use, processing time, and cost. However, the
highest known melting temperature of technique can achieve is 1700°C, lower than the
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melting temperatures of majority of oxides. As a result, fabrication of ODS alloys will be
troublesome for oxides such as Y2O3, which has a melting temperature of 2425°C. The
oxide will not be melted for uniform dispersion in the molten metal pool, causing
complications in the process.
Rieken et al., proposed a reactive gas atomization process for Fe-based ODS
alloys which uses a reactive atomization gas to oxidize the surface of the ferritic alloys
during the atomization process[12]. However, further processing, similar to utilizing
mechanical alloying post gas atomization, was done to enable O exchange with Y
precipitates to obtain uniform oxide dispersion. Figure 4 demonstrates the presence of
the oxide dispersoid during all stages for the aforementioned reactive gas atomization
process. It is evident from the XRD plot the as-atomized powder and the hot isostatic
pressed (HIP) powder does not show oxide dispersoid formation until after heat treatment
at 1200° C. Figure 2-3 shows SEM images of morphology and size distribution of asproduced gas atomized powders.

Figure 2-3. SEM images morphology of as-produced atomized powders (a) GA Ti6Al4V
and (b) GA cross section IN718 [32]
The SEM images show spherical superalloy powders with little agglomeration and
uniform size distribution. On the other hand, as indicated by the arrows in the images,
pores caused during the solidification of the GA process can occur. The pores inside the
particles would affect the density and microstructure of AM printed samples [33]. It is clear
the GA process is capable of fabricating superalloy powders with uniform size distribution
and spherical shape suitable for AM applications, however further processing to create
ODS alloy and development of pores during solidification does not make GA an ideal
process.
2.3.2 Water Atomization (WA)
Unlike GA process, water atomization process atomizes the molten metal pool
with water jets. The metal stream is blown out in a fine jet while water from a highpressure pump blows onto the metal. The resulting powders are further dried and
sieved for powder size classification. The resultant ODS particles are found to be not
16

perfectly spherically shaped or irregular in shape. Also, the use of a liquid solution for
atomization and solidification can cause contamination of the superalloy powders [10].
WA process has the same limitation of GA process, causing further processing after
atomization in order to obtain ODS alloy.

2.4 Mechanical Alloying via Ball Milling
The MA process starts with mixing of powders with suitable chemical composition
and loading powder mix with grinding medium. The mixture is milled for a set time until
the individual powders reach a steady state. Each particle is not only alloyed, but have
the same composition of the starting powder mix. The MA process is affected by the raw
materials, milling type and processing variables.
2.4.1 Parameters of Planetary Ball Milling
The following process variables are critical to achieve product phase,
microstructure, morphology, and size distribution of ODS alloys produced via planetary
BM:
 Milling container
 Milling energy/speed
 Milling time
 Type size and size distribution of grinding medium
 Ball-to-powder ratio (BPR)
 Extent of vial filling
 Milling atmosphere
 Process Control Agent (PCA)
The type of milling container is important due to impact f the grinding medium on the
inner walls of the container. As a result, material from the container can dislodge into the
powder and contaminate the material. Work hardened steel, stainless steel, tungsten
carbide coated steel, and yttria-stabilized zirconia (YSZ) are specific materials used for
milling containers depending on starting constituent powders. Stainless steel and
tungsten carbide coated steel are most common milling jars used for production of ODS
alloys [29].
The milling speed during the MA process a key role in energy input to the starting
powders. Higher speed results in more impact/higher energy to the starting powders,
however, at critical speeds, the medium can be pinned to the inner walls of the milling
container. In other words, higher speed is necessary for the MA process and the optimal
speed should be slightly below the critical speed. Higher speeds during MA process may
also lead to higher temperature in milling containers. The increased temperature can be
advantageous and disadvantageous for the starting powders. High temperature can
promote diffusion of the oxide dispersoid in the lamellae; on the other hand, increase
temperature can decompose supersaturated solid solutions or metastable stables formed
during the MA process [30].
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The most important parameter in MA process is the milling time. The milling time is
determined when a steady state is reached between the fracturing and cold welding of
the starting powders. The milling time depends on the milling type, milling energy, BPR,
and temperature. Lastly, the powders to be mechanically alloyed plays the largest role in
determination of milling time. Unfortunately, contamination of the milling powders can
increase and undesirable phases can form if powders are milled past steady state [31].
The grinding medium is of the same material of the milling container to prevent
contamination of powders. High density medium is chosen so the impact force on the
powders is large enough to fracture and cold-weld the powders. The size of the grinding
medium influences the milling efficiency. Instances in literature show different sized
grinding medium create the highest collision energy [29]. This increase in collision energy
and variation in medium size prevent excess wear of the medium and milling container
while also avoiding contamination of the powders. However, the different in ball size is
shown to lead to lower powder yield.
The BPR has a significant effect on the milling time to achieve particular phases of
starting powders. Higher BPR leads to shorter milling time required because of the
increase of collisions over time increases allowing more energy to be transferred to the
powder system. The BPR, milling time, and milling speed effects the extent the milling
container is filled. Mixing and alloying of the powders result due to the impact forces
experienced on them. Thus, the powder and medium used for the MA process must be
enough to have increased powder yield, but not so much there is not enough space for
the impact to occur.
The milling atmosphere can cause contamination to the powders, therefore, the MA
process either has milling containers vacuum or filled with an inert gas (argon or nitrogen).
Nitrogen has been found to react with metal powders and to prevent contamination, high
purity argon is most common to prevent oxidation and contamination of the powders.
As stated earlier, alloying of the powders can only take place with constant fracturing
and cold-welding. With high milling speed, large BPR, increased milling time, etc., cold
welding of the powders overwhelms the process. The cold-welding takes place due to the
heavy plastic deformation. To promote equal fracturing and cold-welding a lubricant,
known as a process control agent (PCA) is used. The PCA coats the surface of the
powders and minimizes the cold-welding between the particles, medium, and milling
container. The choice of PCA depends on the powders and the desired final product. The
type and amount of PCA influences the final powder size and powder yield.
2.4.2 Parameter Process Controls of Ball Milling
The Taguchi technique is shown to provide an efficient and systematic approach
to determine the optimal parameters in a manufacturing process. The main parameters
of the planetary ball milling are the BPR, ball size, type of milling medium, volume of
medium and the rotation speed. These parameters primarily effect the size, morphology
and microstructure of the powders that are being mechanically alloyed, which Zhang, Zhu,
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and Wang examined with WC-Co powder. Table 2-3 shows the factors considered for
optimizing the ball milling process and the median size of the composite particle, specific
surface area, and microstructure was determined.
Table 2-3. Assignment of factors and levels of L16 (45 ) orthogonal array[34]
Factors

A
Weight ratio
of balls to
powder

B
Balls
Size
(mm)

1

5:1

6

C
Types of
milling
medium

D
Volume
Of
Medium
(ml)
0

E
Rotation
Speed
(RPM)

Distilled
100
Water
2
10:1
6+8
Ethanol
4
150
3
15:1
8+12
Acetone
8
200
4
20:1
12+18
Ethanol
12
250
Water
solution
Given the factors, the results of the grain size, median powder size, and specific
surface area are shown in Table 2-4. From Table 2-4 higher BPR can improve the
reduction of particle size and larger balls provide higher energy within the rotation of the
ball mill, leading to higher impact energy to improve deformation and fracture of the WC
particles. However, the authors found the best particle size was obtained with a ball size
combination of 8 + 12 mm balls; due the size of the medium balls, cold-welding of the
particles were limited and prevent agglomeration of the powders. Also, due the larger
balls higher impact energy, the powders had less particle size reduction and, in fact, there
was an increase in cold-welding and agglomeration [34]. Based on the results, it can be
found the volume of the milling medium and the rotation speed of the ball mill offers the
largest contributions to the particle size and grain size.
To prevent contamination of ODS powders during ball milling, a process control
agent (PCA) will be used in place of the milling media introduced in this text. PCA, stated
earlier, allows equal fracturing and cold-welding of the MA process. The type and amount
of PCA depends on the starting mix of powders. Ramezani and Neitzert demonstrate the
effects of PCA on mechanically alloyed aluminum powder through planetary ball milling.
Use of an orthogonal array matrix relates the average grain size and surface depending
on the changes of BPR, medium size, PCA, volume of medium, and the rotation speed
used for tungsten carbide (WC) powders.

Table 2-4. L16 (44) orthogonal array matrix and response of grain size, D50 and
SSA[34]
Experiment
number

A
1

B
2

C
3

D
4

E
5

Results
Grain size of
WC (nm)
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D50
(nm)

SSA
(m2/g)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

1
1
1
1
2
2
2
2
3
3
3
3
4
4
4
4

1
2
3
4
3
2
1
4
1
2
3
4
1
2
3
4

1
2
3
4
2
1
4
3
3
4
1
2
4
3
2
1

1
2
3
4
3
4
1
2
4
3
2
1
2
1
4
3

1
2
3
4
4
3
2
1
2
1
4
3
3
4
1
2

104.6
46.5
59.4
33.3
23.4
23.1
45.1
48.9
23.8
31.8
22.5
17.3
23.2
11.1
35.7
26.5

2656
1413
1392
592
693
564
3586
1938
698
837
569
2676
866
1503
769
667

0.267
0.479
0.605
1.269
1.069
1.030
0.192
0.422
0.85
0.747
1.067
0.251
0.721
0.433
0.856
0.941

The Taguchi method used in the study for WC powders show higher impact energy
(rotation speed) and a BPR of 15:1 is suitable to obtain suitable grain size and particle
size. The medium or ball size distribution also shows a combination of large and medium
size balls are best for achieving suitable results.

2.6 Additive Manufacturing (AM) Techniques
AM processes has high degree-of-freedom and allows product customization.
Since there are several ways to deposit materials and different energy sources high
energy electron beam source can be used. The systems are categorized into three
different types according to the material feeding: powder bed systems, powder feed
systems, and wire feed systems[35].
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Figure 2-4.Schematic of general powder bed system [35]
2.6.1 Powder bed systems
Figure 2-4 shows a schematic diagram of a typical powder bed system. A roller
rakes powder from the reservoir across the work area. The energy source is then
delivered to the surface of the bed and the powder is melted or sintered into the
designated shape. The process of racking and melting/sintering the feed is repeated until
a solid part is formed. The workpiece of powder bed systems has higher resolution
features so that the dimension of the work piece can be produced precisely. The EOS
M290 is the most prevailing powder bed system, fully commercialized and used by many
industries for custom tool parts and research purposes [36].
2.6.2 Powder feed systems
Unlike powder bed systems, powder feed systems use a nozzle to transfer
powders onto the build surface of the workpiece. Shown in Figure 2-5, the energy source
melts layers of the powder into the shape desired and a 3D part is formed with repetition.
The workpiece either remains static and the powder nozzle moves or the work piece
moves while the powder nozzle is in a fixed position. The powder feed systems are known
to have a larger build volume, Optomec450 LENS (Laser Engineered Net Shaping-LENS)
as an example, which has 1.2m3 build volume. Powder feed systems are also capable of
refurbishing and repairing damaged parts of a workpiece. LENS is the most popular direct
energy deposition AM process for powder development and testing, making it suitable for
research applications.
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Figure 2-5. Schematic of general powder feed system [35]

2.6.3 Wire feed systems
Wire feed systems can use plasma arc as energy source instead of a high energy
electron beam. At first, a single bead of material is deposited and upon subsequent
passes is built upon to develop a 3D structure. Although wire feed systems have a high
deposition rate, extensive machining and polishing are required.

Figure 2-6. Schematic of general wire feed system [35]
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Selective laser melting (SLM) is another prominent powder bed AM technique that
has higher precision and has better as-built surface quality when compared to electron
beam and LENS. It has been fully commercialized (EOS Company) and becomes the
leading technology in AM. The only restriction for the SLM is the size requirement of metal
powder, which is lying in a narrow range between 40 m ~ 60 m, and spherical in
morphology. The purpose of setting this restriction is to ensure the powder bed has high
packing density and the GA processed powder is the only way to provide the desired
powder size and morphology. Other powder processes, such as the MA process, have
very few reports in SLM application. However, another type of AM technique called Laser
Cladding (LC) has a higher tolerance for powder shapes and sizes. The input energy of
LC is much higher than LENS, and it is widely used in the industry. The objective in LC is
to fuse an alloy layer or coating, onto the surface of a substrate.
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3. THEORETICAL BACKGROUND
3.1 Dispersion Strengthening
The addition of chemically stable secondary or ternary phase particle in metal
matrices is used to strengthen alloys. The secondary phase particles added to the metal
matrix are thermally and chemically stable, uniform, and fine. Thus, the particles are
capable of pinning dislocation, grain boundaries, and sub-grain boundaries. In other
words, prevention of grain growth and movement of dislocations is possible with the
secondary phase particles, enhancing the mechanical properties of alloys. Also, the
secondary phase particles have high melting points influencing dispersion strengthened
metals to have high yield strength, tensile strength, creep, and corrosion resistance.
Dispersion strengthening is also known and the theory of dislocation; the hardness of the
secondary phase particles causes them to be obstacles for migration and movement of
the dislocation line. As a result, high stress is needed to cause movement of the
dislocation line. The particles can be identified as deformable and non-deformable, each
interacting with dislocations differently.
3.1.1 Orowan Theory
In 1948, Orowan proposed a dispersion strengthened alloy under external loading,
movement of any dislocation along the glide plane will interact with the non-deformable
secondary phase particle. Increasing load increases the strength of the bowing and the
dislocation line bypass the secondary phase particle [37]. As a result, the positive and
negative dislocation interact and counteract one another, forming a dislocation ring and
increasing the density of dislocation. The resistance force caused from the particle and
dislocation line with respect to the tension of the dislocation line is:
𝐹 = 2𝑇𝑠𝑖𝑛𝜃

(3.1)

Where θ is the angle of dislocation line when the secondary phase particle overlap. When
the angle reaches 90 degrees, the dislocation ring becomes a semicircle; the maximum
value of the resistant force, F, is found when the tension of the dislocation line is found to
be:
𝑇=

1 2
𝐺𝑏
2

(3.2)

Where G is the shear modulus and b is the burgers vector of dislocation. Given the
balancing condition:
𝐹𝑚𝑎𝑥 = 𝜆𝑏𝜏𝑐

(3.3)

Where τc is the critical stress and λ is the distance between the secondary phase particles;
combing equations 3.3 and 3.1 with condition 3.2:
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𝜏𝑐 =

𝐺𝑏
𝜆

(3.4)

As a result, when the external stress exceeds the critical stress, the dislocation line
migrates and passes the secondary particle. Equation 3.4 shows an inverse
proportionality to critical stress and the distance between the secondary particles. Thus,
smaller distance result in alloys with higher yield strength.
3.1.2 Ansell-Lenel Theory
Given the secondary phase particle is deformable, Ansell and Lenell proposed the
dislocation line will cut the particle instead of passing or encircling it. The crack of the
secondary phase particle which causes the dislocation pile up is used as the yield criteria
[38]. The applied stress on the particle is equal to the fracture stress of the particle. The
dislocation will move as a pattern, causing the material to yield. The cracking or fracturing
of the secondary phase particle consumes the driving force of dislocation movement and
increases the dislocation resistance. Thus, the critical stress is defined as:
𝐺𝑏𝐺 ∗
𝜏𝑐 = √
2𝜆𝐶
Where G* is the shear modulus of secondary phase particle and C is a constant.

(3.5)

3.2 Elemental composition and effects on ODS Ni-based Superalloys
Nickel has high chemical and structural stability which enables it to maintain a facecenter-cubic (fcc) lattice structure from room temperature to the melting point. Also, the
Ni matrix is capable of forming alloys with other elements through solid solution
strengthening, which allows for Ni to be the base of an alloy system. More importantly, Ni
forms strengthening γ' phase with L12 structure by interacting with other metal elements
in the system during aging processing [39]. All Ni-base alloys contain this phase as the
matrix and it is also the element of forming the γ matrix and γ'' phase with Nb and Ta.
Chromium is the solid solution strengthener in ODS Ni-based superalloys because
of its capability to enhance the corrosion resistance and high-temperature oxidation
resistance. Cr could form a densified Cr2O3 oxide film on the surface of metals to improve
the passivation ability of metals. However, high content of Cr promotes the formation of
α phase, which undermines the ductility of alloys. Considering the corrosion resistance
and ductility of ODS alloys, Cr was chosen as 20 wt. % in this research.
Tungsten is the element to facilitate the solid solution strengthening in ODS alloys.
According to published results, the creep strength of ODS alloys increases with W
contents. However, W concentration over 3 wt. %, cause saturation in the matrix leading
W to cause unstable phases such as Laves phase, weakening the creep strengths of
ODS super alloys. As a result, the concentration of W was chosen to be 3 wt. % in this
study.
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Aluminum form the γ-NiAl matrix. The material is also capable of providing
oxidation resistance with the formation of a stable Al2O3 oxide later on the surface of ODS
Ni-based superalloys. It is also a booster for the γ’ precipitates which enhance the
mechanical properties of Ni-based superalloys. Unfortunately, experimental studies have
shown that Al composition over 5 wt. %, causes γ’ phase to mismatch with the γ matrix.
Yttrium Oxide concentration over 0.2 wt. % shows apparent strengthening of
metals. Higher than 0.5 wt. %, shows occurrences of micro voids along the grain
boundary, increasing the diffusion of oxygen and decreasing the oxidation resistance of
alloys.
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4. MATERIALS AND EXPERIMENTAL METHODS
4.1 Experimental Materials
Under inert atmosphere, raw elemental powders are mixed at specified weight
percentages and sealed for further processing; Table 4-1 shows the raw elemental
powders average size distribution and weight percentage.
Table 4-1.1 Breakdown of elemental powders used to produce ODS
Chemical Name

Chemical Formula

Yttrium (III) Oxide
Tungsten
Chromium
Aluminum
Nickel

Y2O3
W
Cr
Al
Ni

Average Particle
Size
25-50 nm
< 1 µm
< 10 µm
4.5-7 µm
3 µm

Powder Weight
Distribution (%)
1.5
3
20
5
70.5

Y2O3 was purchased from supplier Sigma Aldrich, which the remaining powders
(Ni, Cr, Al, and W) were purchased from Alfa Aesar. The average particle size of the
constituent element powders are less than 10 micrometers, while the Y2O3 has an
average particle size between 25 and 50 nanometers. Given the powder weight
distribution, the raw elemental powders were mixed, sealed in bottles with Argon gas, and
stored in a glove box of Argon atmosphere until further processing. Stearic acid, CH3
(CH2)16 CO2H, will also be used as a lubricant for the powders during the ball milling (BM)
process in order to control the size and particle distribution of the powders. Figure 4-1
demonstrate the particle distribution, average particle size and particle morphology of the
elemental powders before mixing. It is evident the morphology of the individual particles
varies widely; the aluminum powders appear to have a spherical shape, the nickel
powders appear irregularly round, and the remaining elemental powders appear flaky. As
stated earlier, the goal is not only to produce uniform ODS powders using a combination
of MCB and BM, but fabricate powders with suitable size distribution and spherical in
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shape for use in AM techniques. The morphology and size of the elemental powders
allows for better control of the fabrication techniques.

Figure 4-1. SEM Micrographs of (a) Ni powder, (b) Cr powder, (c) Al powder, (d) W
powder, (e) Y2O3 and (f) As-blended powders
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Figure 4-2. HOSOKAWA NOBILTA-130 MCB Machine

4.2 Experimental Methods and Instruments
The as blended powders were initially processed using the MCB technique and
further processed through ball milling. Optimization and studies done for the MCB
technique was done in cooperation of Sizhe Huang, a former Master student under Dr.
Bruce Kang’s supervision. Sizhe Huang shares any credit shown from the results
gathered with results obtained from MCB.
4.2.1 Mechano-Chemical Bonding (MCB) Process
The MCB machine used in this research if the NOBILTA-130 model from
HOSOKAWA Micron LTD. The machine has a capacity of 0.5 liters and between 300-400
grams of powders can be produced per run. Figure 8 is a simple schematic of the MCB
machine and labels key components. Argon gas is used to flush out air in the vessel and
is done multiple times to ensure an inert atmosphere. The as-blended powders are
processed for 1 hour at 4000 rpm which allows the Y2O3 nanoparticles even distribution
and bonding on the Ni and Cr host particles.
4.2.2 Mechanical Alloying via Ball Milling (BM)
The MCB produced powders are further processed by use of a planetary ball
milling machine. The SFM-1 (QM-3SP2) High Speed Shimmy Ball Mill was used with 4
stainless steel balls, stainless steel grinding medium of various sizes, and a process
control agent (PCA). As stated previously, the grinding medium sizes were used based
on previous literature and trial and error. All experiments conducted using the planetary
ball mill used 4-20 mm balls, 4-15 mm balls, 2-10 mm balls, and 2-5 mm balls. The primary
parameters of planetary ball milling that affects average particle size, particle size
29

distribution and morphology are milling energy, milling time, and ball-to-powder (BPR)
ratio. The control of the ball milling procedure was done by controlling these parameters
and characterizing the morphology and microstructure. Table 4-2 below, shows the
changes in parameters and will be labeled as configurations for simplification. It was
shown higher BPR yields shorter time for powders to reach steady state conditions and
results in a faster refinement of crystallite size, while higher rotation leads to higher energy
input into the powder. It is also important to focus on the yield given per run and time
taken to complete a run when optimizing the ball milling technique.

Table 4-2. Configuration of planetary ball milling parameters.
Configuration
C1
C2
C3
C4
C5
C6
C7

Speed (rpm)
300
300
300
400
400
400
400

BPR
15:1
30:1
30:1
15:1
15:1
15:1
15:1

Time (hours)
15
15
45
15
25
30
40

4.2.3 Particle Size Distribution
The size distribution of each configuration will be analyzed using a Malvern
PANalytical Master Sizer 2000 particle analyzer. Distilled water was used to disperse the
powder in the laser system and also used to purge the chamber of the analyzer after each
test.
4.2.4 Laser Engineering Net Shaping (LENS)
The optimized MCB+BM powders were sent to the University of Pittsburgh for
additive manufacturing on a LENS 450 system. Three input laser energies were selected
(200 W, 250 W, and 275 W), two laser scanning speeds (33 mm/s and 10 mm/s), two
powder feeding rated (8 rpm and 11 rpm), and two flat substrates were adapted (MAR247R and Stainless Steel).
4.2.5 Finite Element Analysis
Dassault Systemes SIMULIA Abaqus CAE will be used to determine the
mechanical properties of spherical, elliptical, and irregularly shaped particles and a shape
factor will be derived. Lastly, simulation results will be compared to experimental results
done using in-house micro-indentation technique on spheres with known properties, such
as 316 stainless steel and 1100 aluminum alloy. Using a load based multiple-partial
unloading micro-indentation technique derived from Hertzian contact laws, the
mechanical properties of the ODS particles will be determined. 2-node linear
axisymmetric rigid link (RAX2) mesh was used to model a flat indenter and a 3-node linear
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axisymmetric triangle mesh (CAX3) was used to model the particle used for indentation.
The particles were indented to an overall depth of 30 µm over 10 steps and the unloading
curves were used to determine the material properties.

4.3 Characterization Methods
Analysis of MCB only, MCB+BM, and AM produced ODS were subjected to
analysis in order to quantify the morphology, average particle size, particle size
distribution, and microstructure. Thus, X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), and Energy Dispersive Spectrums (EDS) were used to characterize
the material for comparison.
4.3.1 SEM
The Hitachi S-4700 from SRF WVU will be used for observation of the morphology,
average particle size, and particle distribution of the ODS powders after powder
fabrication. The SEM will also be used to analyze the morphology of γ matrix and γ’
precipitates. The powdered samples were dispersed unto carbon tape on inspection and
the as-printed AM samples were held with the conventional sample holder used for most
SEM analysis.
4.3.2 XRD
The XRD analysis was done with a PANalytical X’Pert Pro with a Cu-Κ alpha
radiation (45 kV, 40 mA). The XRD patterns were recorded at room temperature with a
range of 10⁰ to 90⁰.
4.3.3 EDS
EDS was utilized to analyze the distribution of elements in the cross section asprinted samples. Especially, point scan was used to pinpoint the location and analyze the
distribution, density, and phases. Mapping was also employed to observe the element
distribution.
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5. RESULTS AND DISCUSSIONS
5.1 Analysis of Fabricated Powder
5.1.1 SEM Analysis
SEM imaging was conducted on the ODS powder samples in order to analyze the
size, morphology, and size distribution under each configuration. Figure 5-1 and Figure
5-2 demonstrates the size distribution of the ODS powders for different milling times and
BPR for rotation speed of 300 rpm and 400 rpm, respectively. Figure 5-1 uses a
magnification of x450 with a scale of 100 μm, whereas Figure 5-2 uses a magnification of
x600 with a scale of 50 μm. Figure 5-1 (a) and 5-2 (b), corresponding to C1 and C2 show
small difference in the size distribution of the ODS powders; given a constant speed of
300 rpm and milling time of 15 hours, doubling the BPR from 15:1 to 30:1 did not the
particle distribution. However, C3, shown in Figure 5-1 (c), demonstrates agglomeration
of the powders with a large BPR and milling time of 45 hours. Figures 5-2 (a)-(d) shows
larger rotation speed of 400 rpm leads to a uniform particle distribution, regardless of the
BPR and milling time.
Using a higher magnification, the morphology of the ODS particles can be studied
further. As seen in Figure 5-3 (a), the particles appear to be flat and flaky with little to no
agglomeration of the particles. This is an indication of the beginning stages of the
mechanical alloying process where the master particles are flattened to lamellar
structures[29]. With the fixed time of 15 hours, Figure 5-3 (b) demonstrates higher BPR
leads to less time for powders to reach steady state conditions. Although it is evident that
C2 have not reached steady state, BPR is a major requirement for optimal Ni-based ODS
powders. Milling time affects the size distribution of the particles as well. It is evident from
Figure 5-3 (b) and 5-3 (c), with a constant speed of 300 rpm and BPR of 15:1, the increase
in hours from 15 to 45 lead to a decrease in the average particle size.
Given the PCA acts as a lubricant, stearic acid helps promote fracturing of the ODS
particles, however, with increased milling time and operation, the temperature increases
to a point where the stearic acid cannot control the cold-welding. In order to increase the
average particle size, milling time, BPR, or rotation speed must be increased to obtain a
suitable size distribution, average particle size, and spherical shape. An influential
parameter, also factored in to the study, is the powder yield after ball milling. In order to
increase the powder yield of the ODS powders, it was best to decrease the BPR, thus the
milling time and rotation speed was optimized for desirable results. As observed in
Figures 5-4 (a)-(d), a BPR of 15:1 and rotation speed of 400 rpm lead to nearly spherical
ODS particles with good size distribution. Figure 5-4 (a) still shows particles less than 5
μm, which are troublesome for AM requirements. However, as milling time increased, as
shown in Figures 5-4 (b)-(d), the smaller ODS particles agglomerate and form larger,
nearly spherical particles.
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Figure 5-1. 300 rpm (a) BPR 15:1 15 hours (C1), (b) BPR 30:1 15 hours (C2), (c) 300 rpm
BPR 30:1 45 hours (C3)

Figure 5-2. 400 rpm (a) BPR 15:1 15 hours (C4), (b) BPR 15:1 25 hours (C5), (c) BPR
15:1 30 hours (C6), (d) BPR 15:1 40 hours
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Figure 5-3. 300 rpm (a) BPR 15:1 15 hours (C1), (b) BPR 30:1 15 hours (C2), (c) 300
rpm BPR 30:1 45 hours (C3)

Figure 5-4. 400 rpm (a) BPR 15:1 15 hours (C4), (b) BPR 15:1 25 hours (C5), (c) BPR
15:1 30 hours (C6), (d) BPR 15:1 40 hours
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5.1.2 Size Distribution of Processed Powders
Laser diffraction is widely used for measurement of average particle size
distribution due to small operation time and repeatability. Using the Malvern PANalytical
Master Sizer 2000, the processed powders size distribution was determined with results
noted as D(x) = size, where D is the diameter of the particle measured by laser diffraction,
x is the mass percent of particles below the measured size. There are five variations of
powder size distribution, shown in Figure 5-5, which published results have shown to
describe powders[40]. The majority of commercial feedstocks used in SLM processes
follow Gaussian distribution with the addition of removing powders below undesirable
sizes via sieving operations. Gaussian distributions show the mean, median and mode
coincide at the central point of the curve, whereas negatively skewed distributions shows
a higher mean value (more coarse particles) and positively skewed distributions show a
lower mean value (more fine particles) [40].

Figure 5-5. Variations of powder size distributions) [40]
Given the SEM images, it’s desirable to control the process parameters of the
BM technique with rotation speed of 400 rpm and BPR 15:1. As stated, although a lower
BPR provides less energy to the powdered particles, an increase in rotation speed will
overcome the loss in energy and increase the yield at end of production run. Thus,
study of the optimal milling time for the powders to reach steady state conditions, have
uniform particle distribution, average particle size greater than 10 μm, and spherical
shape becomes the next goal. Figures 5-6 – 5-9 show the powders processed by
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MCB+BM at 400 rpm, BPR 15:1, and milling times of 15, 25, 30, and 40 hours,
respectively.

Figure 5-6. Powder size distribution of MCB+BM processed powder 400 rpm BPR 15:1
15 hours D(0.1) = 5.79 D(0.5) = 13.891 D(0.9) = 121.129

Figure 5-7. Powder size distribution of MCB+BM processed powder 400 rpm BPR 15:1
25 hours D(0.1) = 8.090 D(0.5) = 21.8 D(0.9) =66.896
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Figure 5-8. Powder size distribution of MCB+BM processed powder 400 rpm BPR 15:1
30 hours D(0.1) = 7.57 D(0.5) = 17.663 D(0.9) = 39.273

Figure 5-9. Powder size distribution of MCB+BM processed powder 400 rpm BPR 15:1
40 hours D(0.1) = 7.836 D(0.5) = 14.296 D(0.9) = 26.846
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As shown in Figures 5-6 – 5-9, given a constant milling speed of 400 rpm and BPR
of 15:1, changes in milling time changed the average particle size and particle size
distribution. The average particle size of C4, C5, C6, and C7 are 13.891 μm, 26.800 μm,
17.663 μm, and 14.296 μm, respectively. Increasing the milling time from 15 hours to 25
hours drastically increased the average particle size by almost double. This is further
emphasized in the SEM images, as the ODS particles not only increase in size, but the
agglomeration of the particles is more evident. As the milling time increases from 25 hours
to 30 hours, the average particle sizes decrease and continues to decrease up to 40
hours. 10 percent of the volume of the ODS particles also shows an increase in size from
5.790 μm to 8.090 μm with an increase in milling time. Further increase in milling time
there is a slight decrease, which for 40 hours, 10 percent of the ODS particles are below
7.836 μm. Further evidence that an increase in the milling time allows for larger particle
sizes and a suitable average particle size for AM applications.
To allow for flow ability the average particle size not only has to be above 10 μm,
but there has to be uniform particle size distribution. C1 shows, with a milling time of 15
hours there are particles as large as 121.628 μm; however, as the milling time increases,
the size of the larger particles received by the laser diffraction decreases to 26.896 μm at
40 hours. As a result, it is clear the increased milling time provides a suitable average
particle size for AM processes and a uniform particle size distribution.
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5.1.3 XRD Analysis
The processed powders were characterized by XRD using a PANalytical X’Pert
PRO X-Ray diffractometer with Cu-Kα radiation and spinner stage. The XRD patterns
were recorded at room temperature with a step size of 0.0167° with 40 second time period
per step. The XRD spectrum of the as-received pure elemental starting powders are
shown in Figure 5-10. Al powder shows major peaks around 38⁰, 45⁰ and 65⁰; W powder
shows major peaks around 40⁰, 58⁰, and 73⁰; Ni powder major peaks are 45⁰, 52⁰, and
78⁰. Lastly, Y2O3 and Cr share a major peak of 30⁰ and 45⁰, however, Y2O3 is a
nanoparticle and display the line-broadening effect.

Figure 5-10.XRD patterns of pure elemental starting powders
The preliminary MCB only (4000 rpm for 1 hour) of the combined MCB + BM
process shows a disappearance of the Y2O3 (211) peak. Thus, the Y2O3 is confirm to be
uniformly distributed on the master particles as a thin film. Residual Al (111) and W (110)
peaks are also still observed, implying the powders have not alloyed during the MCB
process. However, evidence of the NiAl (110) peak is shown at about 44⁰, meaning the
MCB only process promotes the beginning of alloy phase for the ODS Ni-base alloy.
Unfortunately, Ni3Al (111) peak is cannot be identified in the MCB only XRD spectrum.
Thus, MCB at 4000 rpm for 1 hour is not sufficient to produce ODS Ni-based alloys.

39

Figure 5-11. XRD spectrum of MCB-only processed powders
Given the XRD spectrum of MCB-only does not show evidence of the powders
reach steady state and the lack of Ni3Al (111) peak, further MA via planetary ball milling
is done. Several parameters of the BM process influence the microstructure of the
powders. Given stainless steel milling containers, stainless steel grinding medium, and
stearic acid 0.5 wt. % of the powder, the milling speed, milling time, and BPR will be
optimized. Figure 5-11 shows the XRD spectrum of MCB+BM powders with powders
subjected to milling speed of 300 rpm. It is observed from the three spectrums, NiAl (110)
and Ni3Al (110) peaks appear at 44⁰ and 52⁰, respectively. The individual elemental peaks
shown in Figure 5-9 are not observed, with the exception of W. The W peak (angle of 40⁰)
undergoes broadening, suggesting a change in the crystallographic structure because of
formation of solid solutions during the BM process. Because the BM process undergoes
severe plastic deformation, broadening of all the major peak are shown. Thus, the
combined MCB+BM process allows for uniform dispersion of Y2O3 and generation of a
finer crystallographic structure.
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Figure 5-12.XRD spectrum of MCB+BM process at 300 rpm (C1) BPR 15:1 and 15
hours (C2) BPR 30:1 and 15 hours (C3) BPR 30:1 and 45 hours.
With a fixed milling speed of 300 rpm and milling time of 15 hours, an increase of
BPR from 15:1 to 30:1 shows a further shift in Ni peak (58⁰). The double peak shared by
Ni and Ni3Al (111) appears to “round”. In other words, the intermetallic precipitate, Ni3Al,
becomes prevalent with increased BPR and all other parameters remaining constant. The
NiAl (110) peak also experiences broadening, showing a further refined crystallographic
structure. Ni lattice peaks appear at slightly lower Bragg angle and Al lattice peaks at
slightly higher Bragg angle with an increase in milling time and BPR at fixed rotation speed
of 300 rpm. The shifting of the Ni lattice peaks and eventual disappearance of the Al
lattice peak indicates the formation of γ-NiAl solid solution [24,41,42]. Also, the existence
γ’-Ni3Al intermetallic compound is shown after 15 hours of milling time and a BPR of 15:1.
The double peaks in which the higher angle peak corresponds to the Ni-lattice peak.
However, a constant BPR of 30:1 and an increase of milling time from 15 hours to
45 hours does not show much difference in the microstructure of the powders. The Ni3Al
peak still shows evidence of Ni particles. Therefore, increasing milling time with a large
BPR of 30:1 did not result in the powders to reach steady state. Further increase of the
BPR will lead to lower powder yield, while increasing milling time is not practical for
fabrication of ODS Ni-based powders. Thus, increasing the milling speed is the next
processing parameter to adjust.
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Figure 5-13. XRD spectrum of MCB+BM process at BM milling speed of 400 rpm and
BPR of 15:1 (C4) 15 hours (C5) 25 hours (C6) 30 hours (C7) 40 hours.
Increasing the rotation speed to 400 rpm and a constant BPR of 15:1 shows an
increased displacement of the Ni peaks to lower angles. Further broadening of the NiAl
and W lattice peaks is also evident in the XRD spectrum. This not only suggests a
decrease in grain size of the ODS particles, but an increase in concentration of Ni 3Al
precipitates. Milling time of 15 hours to 25 hours shows the double peak to shift more
towards a single peak. The further shift of the Ni peak shows an increase in concentration
of the Ni3Al (111), unlike the BM configuration of milling speed 300 rpm. At milling speed
of 30 hours, the peak is now a single peak with no further existence of Ni.
Based on the XRD spectrums, milling speed influenced the microstructure of the
ODS Ni-based ODS alloys more than the milling time and BPR. With the higher milling
speed, a lower BPR of 15:1 allows for higher powder yield. The steady state is also
seen to appear after 30 hours of the BM process.
5.2 Analysis of As-Printed Sample
The MCB+BM processed powders were applied on LESN 450 system with a
nominal laser spot size of 240 µm and a MAR-M247A flat plate was selected as the
substrate. Three as-printed samples were AM produced with a laser travel speed of 33
mm/s. The laser power was selected as 200W, 250W and 270W, producing linear energydefined as laser power (J) /beam travel speed (mm) [43]. Therefore, the linear energy is
6.06 J/mm, 7.75 J/mm and 8.33 J/mm respectively. Hatching lines were made at 0 °
horizontally in the first layer and then were rotated 90 ° for the next layer. The hatch
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spacing was 0.1524 mm, the layer thickness was 0.1 mm and the powder feeding rate
was 8 rpm.

Figure 5-14. A schematic of the first batch of LENS as-printed samples[44].
Table 5-1. The experimental density relative density, and input linear energy of asprinted samples

As-printed
samples

Experimental Density
(g/cm3)

200W
250W
275W

5.67
6.33
7.13

Relative
Density
(. %)
66.63%
74.38%
83.78%

Input Linear
Energy
(J/mm)
6.06
7.75
8.33

Table 7 shows the experimental density and relative density of as-printed samples.
The as-printed density of samples increased with the increase of the linear energy,
meaning the more linear energy, the denser microstructure and the more chance of
forming a melt pool. Figure 5-15 shows the SEM images of the cross-section of 200W6.06J/mm, 250W-7.75J/mm, and 275W-8.33J/mm as-printed samples. The influence of
the laser linear energy on the microstructure of as-printed parts can be observed at low
magnification.
The SEM images show evidence of pores existing in the as-printed ODS part
showing the cause of the low density of the as-printed sample. Columnar structures are
shown in Figures 15 (b) and (c), but not in (a), which suggests higher input linear energy
would cause columnar structure because there is more thermal driving force for grain
growth in the microstructure. However, there is no clear evidence of pores in a low
magnification in Figure 5-15 (b) and (c). The growth directions of columnar structure and
the building direction of the as-printed ODS parts are displayed by arrows in the SEM
image. The growth direction of the columnar structure was found that it was approximately
45 ° from the building direction.
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Figure 5-15. SEM showing images of the characteristic microstructures of as-printed
ODS parts at different laser power and input linear energy: (a). 200W-6.06J/mm; (b).
250W-7.75J/mm; (c). 275W-8.33J/mm
As the laser power increased, the columnar structure arrays became finer,
exhibiting a typical epitaxial growth along the growth direction. However, in Figure 5-15
(b), as the building direction moved forward, the columnar structure became dispersed
and unclear. On the other hand, the columnar structure in Figure 5-15 (c) is still evident
as the building direction moved forward. Thus, the input energy of 250W-7.55J/mm
sample was not sufficient and decreased with advancement of the building direction
comparing the 275W-8.33J/mm sample [44].
Figure 5-16 shows the characteristic microstructures of as-printed ODS parts in
the specific locations (as indicated in the red block in Figure 5-15) at higher magnification.
No columnar structures were found in Figure 5-16 (a), but tiny upright ’phase was
observed. It was hard to identify every columnar dendrite in Figure 5-16 (b) since severe
clustering occurred during the solidification process within the melt pool. Also, short
cracks were found in the inter-dendritic region in the SEM image. The continuous
columnar dendrites are clearer in Figure 5-16 (c), but small and short cracks were still
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found

in

the

inter-dendritic

region

[44].

Figure 5-16. High-magnification of SEM micrographs showing the characteristic
microstructures of as-printed ODS parts in: (a). Figure 5-19 (a); (b). Figure 5-19 (b); (c).
Figure 5-19 (c).
Unlike the ambiguous epitaxial characteristics shown in Figure 5-16 (b), the
columnar dendrites generally displayed the epitaxial growth with a higher degree of
clustering on increasing laser power. Generally, the major input energy and heat induced
by laser radiation were transmitted through the substrate of previous as-printed layers,
which in turn facilitated the formation of typical columnar dendrite structures along the
building direction [43,45,46]. Also, residual thermal stress as a result of the repeated rapid
melting and solidification at a higher laser power was remained in the workpiece [47]
which results in the generation of thermal cracks in both dendrite and inter-dendritic
regions that were observed in the SEM micrographs [44].
Increasing laser power caused the instantaneous and overall temperature within
the melt pool to increase substantially because more heat and energy induced by the
laser was generated during the process. Therefore, the heat accumulated during the
process allowing the internal energy and thermodynamic potentials to improve. The
improvement enhanced the epitaxial growth of the columnar dendrites and the dispersion
performance [46].
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In order to examine the chemical composition of the columnar dendrites and the
inter-dendrite zones that were observed in different process conditions. EDS point scan
was conducted to identify the chemical composition as shown in Figure 5-17. For EDS
spot 1 C, O, Cr, Al, Ni, and Y are present and the major component is Cr, Al, and O. Thus,
formation of complex oxides and carbide occur during the process. The Y2O3 tended to
grow on the grain boundary. EDS spots show C, O, Ni, Cr, Al, and W. EDS point analysis
indicated that carbon was introduced during the process. Because the powders were
processed by MCB+BM process, the PCA, stearic acid, with the composition of CH3
(CH2)16CO2H to boost the MA effect during the BM process. Some of the carbon remained
after the BM process and reacted with major elements Ni, Cr, and Al to form carbides
during the printing process [44].

Figure 5-17. EDS point analysis of as-printed ODS parts at different laser powder and
input linear energy: (a). 250W-7.75J/mm in mid-layer; (b). 275W-8.33J/mm in mid-layer.
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6. CONCLUSIONS
6.1 Powder Characterization
In this study, a novel MCB+BM technique was used to fabricate Ni-based ODS
alloy powders with nanocrystalline microstructure and uniform dispersion of Y2O3. The
powders were initially processed via MCB for 1 hour at 4000 rpm and then followed by
planetary BM process for over 10 hours at 400 rpm. The ODS particles microstructure
were characterized by XRD and the size, size distribution, and morphology by SEM and
particle analyzer.
The Y2O3 nanoparticles were shown to be bonded and coated on the master
particles (Ni and Cr) and form a nano-size amorphous film during the MCB process.
Evidence of the γ-NiAl matrix is shown in the XRD spectrum of MCB only; implying the
elemental Al powders fractured and bonded onto the Ni powders due to large shear force
during the process.
Further MA processing via planetary ball mill introduced the intermetallic
precipitates γ’- Ni3Al and nanocrystalline microstructure. Constant milling speed and
increase in BPR introduced higher impact energy, promoting further cold-welding and the
powders, thus providing larger concentration of γ’ precipitates. Increase of milling time
with constant BPR show little to no difference in the microstructure of the powders,
however an increase in milling speed allow for higher powder yield and desirable
microstructure.
Milling speed of 400 rpm shows powders are more spherical in shape (minimal
individual particles appear “flaky”). Fixed milling speed of 400 rpm and increase milling
time show powders with uniform particle size distribution and average particle size of 10
μm which are suitable for AM application.
6.2 AM processing of MCB+BM powders
MCB+BM processed powders were applied on LENS 450 system and the asprinted samples were characterized by SEM/EDS. The results suggest the higher the
input linear energy, the denser the material will be. Also, an increase in input energy
shows an increase in the γ’ precipitation of the microstructure. Overall, laser power is
shown to generate a higher melt pool temperature, thus providing sufficient formation of
γ’ phase.
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7. RECOMMENDATIONS FOR FUTURE WORK
Although it is determined a milling speed of 400 rpm, BPR of 15:1, and milling time of
40 hours was the optimal BM procedure, further investigation of other BM processing
parameters can allow for shorter milling time. Also, particles shown were not perfectly
spherical and research of PCA or development of a new MA device can aid in production
of perfect spherical particles.
FEA simulations of the micro-indentation technique did not agree with the
experimental results. Further simulation on spherical parts with irregular shape can be
done to determine a shape factor. Derivation of the “true” loading condition during the
indentation testing can also be investigated. FEA simulation of the multiple loading-partial
unloading micro-indentation technique gives confidence the technique can be used to
determine mechanical properties of powders. Experimental results on spherical balls of
known material properties were done. Results were not accurate, however, it is believed
misalignment of the load mechanism, surface roughness of the flat indenter, and surface
finish/shape influence results. Preliminary review, theory, and results are given in the
Appendix.
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A. Appendix
Since the microstructure of the ODS powder will influence the mechanical
properties of AM-processed structural parts, implementation of a load-based multiple
loading-partial unloading micro-indentation technique will be used to evaluate the
mechanical properties of metallic powders. Numerical simulation was carried out on
spherical and non-spherical particles in order to determine a shape factor function for
non-spherical particles.

A.1 Mechanical Properties of powders/particles
Indentation is a useful mechanical testing process that uses hard, geometrically
specific materials as an indenter to submerge into a test material. The test material’s
reaction to the applied load of the indenter depends on the mechanical properties. The
depth and surface area provide enough information to determine the mechanical
properties. Various techniques can be used to determine the indentation depth and area,
such as depth sensing and optical technology. Although indentation testing to obtain
material mechanical properties was first developed for alloys, the technique has become
helpful in a number of industrial sectors. Since the 1800’s indentation testing was first
used for hardness testing due to the technique’s ability to perform non-destructive
evaluation (NDE). Unlike conventional methods to determine mechanical properties of
materials, indentation has shown the capability to determine properties of materials with
ambiguous geometry or sensitive in nature i.e., thin films, coatings, and nano-systems.
The following are examples of indentation techniques used to determine mechanical
properties of particles.
A.2 Contact Mechanics and Indentation
A general case of contact stress occurs when two contacting bodies loaded
against each other have perpendicular principle curvatures at the contact point. A specific
case will be two spheres in contact (which includes a sphere on a flat plane). Hertz
determined the radius of the contact area for two solid spheres with diameter d 1 and d2
can be represented as [48]:
1 − 𝜈12
1 − 𝜈22
3 3𝑃 [(
)
+
(
𝐸1
𝐸2 )]
𝑎= √
1
1
8( + )
𝑑1 𝑑2
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1
1 − 𝜈12 1 − 𝑣22
=
+
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Where ER is the reduced Modulus of Elasticity, E1, 2 are the moduli of elasticity for
spheres 1 and 2, and v1, 2 are the Poisson’s ratio for spheres 1 and 2, respectively.
Allowing the diameter of the seconds sphere to approach infinity and assuming a2 = Rhe
(where R is the radius of the spherical indenter and he is the indentation depth), Equations
A.6 and A.7 evaluate to:
𝑃=

1 3
4
𝐸𝑅 𝑅 2 ℎ𝑒2
3

(A.8)

Young’s modulus measurement from materials testing can be determined from the
unloading data of a loading-unloading indentation test and Equation A.8 can be re-written
as:
𝑑𝑃
𝐴
= 2𝐸𝑅 √
𝑑ℎ
𝜋

(A.9)

Where A is the projected area of the indentation and a function of indentation
depth. However, measurement of the projected area or indentation depth requires precise
measurements. As a result, an alternative method, developed at West Virginia University,
allows for a theoretical solution for the Young’s Modulus measurement. Equation A.9 can
be rewritten as [49]:
1
𝑑ℎ
= 𝐶𝑃 −3
𝑑𝑃

(A.10)

Where C = (6ER2R)-1/3 and related the reduced Young’s modulus of the system. Thus,
only the unloading stiffness and load are required to determine the Young’s modulus.
Developed at West Virginia University, a multiple loading partial unloading
indentation technique is shown to determine the mechanical property of materials nondestructively. Figure A-1, shown below, show a simple schematic of the indentation
system. As seen, the system has a load cell to record the reaction force, piezoelectric
(PZT) actuator to implement indentation, and a spherical indenter.
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Figure A-1. Table-top load depth sensing indentation system (a) Schematic of indentation
system and (b) indentation system [49].
Feng et al., shows the loading apparatus and sample material is subjected to the
indentation load caused by the PZT. As a result, the total indentation includes the
indentation depth and material deformation. Thus, the total indentation (h total) is:
(A.11)
ℎ𝑡𝑜𝑡𝑎𝑙 = ℎ + ℎ𝑠
Where h is the indentation depth and hs is the deformation of the indention system. Taking
the derivative with respect to the applied load and substituting Equation A.10, you will
find:
1
𝑑ℎ𝑡𝑜𝑡𝑎𝑙
= 𝐶𝑃 −3 + 𝐶𝑠
𝑑𝑃

(A.12)

Where Cs is the system compliance. It was shown the slope C can be used to determine
the reduced modulus of the system. Thus, if the system compliance can be measured or
calibrated during the indentation, evaluation of the indentation to the material does not
need evaluation [49].
Unfortunately, the compliance is not constant depending on the sample size and
other factors. As a result, the multiple loading-partial unloading approach allows one to
determine the slope as long as the system compliance does not change during the
indentation test. Figure A-2 shows the load-displacement curve with multiple partial
unloading for a single indentation test as well as the linear relationship.
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Figure A-2. Experimental results from multiple loading partial unloading on O1 tool steel
(a) Experimental load-displacement curve and (b) linear relationship[49].
A.3 Mechanical Property Analysis
The multiple loading-partial unloading technique developed at West Virginia
University is shown to determine the mechanical properties of a flat coupon sample with
use of a spherical indenter. The adjustment of the BM parameters was done, not only to
achieve a nanocrystalline microstructure and uniform dispersion of Y2O3, but also to
produce powders suitable for AM processing. Uniform size distribution, average particle
size greater than 10 μm, and spherical morphology was also an objective. It is shown the
Ni-based ODS powders produced by BM parameters of 400 rpm,15:1 BPR, and 40 hour
milling time have near spherical shape. Thus, it is feasible the indentation technique can
be used to determine the mechanical properties of the powders, given the indenter is now
flat and the sample spherical. Finite Element Analysis (FEA) was done to determine the
possibility of this assumption.
A.3.1 FEA Simulation of Spheres
Both the flat indenter and spherical specimen are treated as bodies of revolution
to avoid practical issues of the three dimensional nature of the problem. Therefore, a
three dimensional analysis must be done for accurate results. Simulia ABAQUS CAE
software was used to for the following simulations. Because the indenter and spherical
sample will behave as three dimensional bodies under axially symmetric loading
conditions, an axisymmetric simulation will be done and the applied load will be
considered the symmetry axis. The indenter and specimen are shown in Figure A-3, as
well as the boundary conditions and load.
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Figure A-3. Schematic of spherical specimen under the flat indenter with boundary
conditions shown.
During indentation, the indenter chosen for testing has higher hardness and
stiffness than the sample. As a result, an analytical rigid body is used to model the
indenter. The indenter will load the sample 3 μm and unload 1μm to 30 μm (for a total of
10 steps). This allows for 10 points to determine the slope and eventually reduced
modulus given Equation 3.12. The loading of the indenter onto the sphere is along the
symmetry line. A boundary condition will be on the flat of the sphere and acts as rollers
to prevent movement in the x-direction. The center of the sphere has a fixed condition to
prevent displacement in the y-direction. Hard contact between the rigid body and
deformable sphere is assume with friction coefficient of 0.5 and small sliding
Because very small indentations are being simulated, meshes near the indenter
must be fine to describe the deformation and stress gradients for accuracy [50].
Therefore, a fine mesh of 50 μm was used near the point of contact and gradually
increased to 400 μm farther from contact. A 3-node linear axisymmetric triangle (CAX3)
mesh was used for the particle. Figure A-4 shows the mesh of the particle. Due to the
changing mesh, when two elements are connected in the distribution, the middle node on
the common face is constrained to lie on a straight line.
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Figure A-4. Mesh distribution of (a) analytical rigid indenter and (b) deformable sphere
The flat analytical rigid indenter is considered to have infinite stiffness (as stated
earlier) and the spherical particle is chosen to be Stainless Steel 316. Figure A-5 shows
the stress strain curve of common SS 316 at different temperatures. In this study, room
temperature lot 2 will be used as the deformable part material property. The Young’s
Modulus of the material is known to be 193 GPa and the hardening coefficient is
determined from power law and Figure 36.
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Figure A-5. Stress Strain curve of Stainless Steel 316 at room temperature, 1400°F,
1600°F, and 1800°F [51].
Simulation using the multiple loading partial unloading technique was done on
spherical deformable parts of size, 10 mm, 5 mm, 3 mm, 2 mm, 1 mm, and 0.5 mm to
𝑑ℎ

1

determine the stiffness response. Figures A-6 – A-11 show the respective 𝑑𝑃 𝑣𝑠. 𝑃−3 plots,
linear regression line, and correlation coefficient.
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Figure A-6. FEA simulation of stiffness response of axisymmetric sphere (D=10 mm)
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Figure A-7. FEA simulation of stiffness response of axisymmetric sphere (D=5 mm)
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Figure A-8. FEA simulation of stiffness response of axisymmetric sphere (D=3 mm)
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Figure A-9. FEA simulation of stiffness response of axisymmetric sphere (D=2 mm)
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Figure A-10. FEA simulation of stiffness response of axisymmetric sphere (D=1 mm)
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Figure A-11. FEA simulation of stiffness response of axisymmetric sphere (D=0.5 mm)
As shown, the simulation is capable of determining the stiffness response of
spheres as small as 500 μm. Table A-1 summarizes the results, given the size of the
sphere. It is evident there is no apparent relationship with the size of the sphere and the
Young’s Modulus. However, for powders in the lower micron scale, there is an expected
relationship.
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Table A-1. FEA Simulation Results of sphere with various sizes.
Size (mm)
10
5
3
2
1
0.5

ER (GPa)
208.72
203.21
212.23
198.71
187.17
201.38

E (GPa)
195.68
190.51
198.97
186.29
174.47
188.79

A.3.2 Experimental Multiple Loading-Partial Unloading Micro-indentation
Given the successful results of the FEA simulations shown above, experimental
tests were conducted for verification. For proof on concept, Experimental testing was
done on SS 316, Brass alloy 216, and Aluminum alloy 1100 spheres. Several diameters
of the spheres were purchased and tested using the multiple loading-partial unloading
indentation technique. Initially, a spherical indenter is used to indent the surface of the
sample holder. A tiny indent is made to hold the SS ball in place during testing and the
center of the spherical call align with the loading of the sample. Initial contact is made
with the sample and indentation of 5 μm and unload 2 μm to for a total of 10 steps is done.

Table A-2. Experimental Results using Micro-Indentation Technique
Material
SS
Brass
Aluminum

Size (mm)
5
3
6.35
3.18
7.94
6.35

ER (GPa)
64.57
72.076
26.73
29.76
26.58
29.12
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E (GPa)
65.612
74.21
25.68
28.7275
24.13
26.82
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